GRASPs are proteins involved in cell processes that seem paradoxical, such as being responsible 18 for shaping the Golgi cisternae and also involved in unconventional secretion mechanisms that 19 bypass the Golgi, among other functions in the cell. Despite its involvement in several relevant 20 cell processes, there is still a considerable lack of studies on full-length GRASPs. Our group has 21 previously reported an unexpected behavior of the full-length GRASP from the fungus C. 22 neoformans: its intrinsically-disordered characteristic. Here, we generalize this finding by 23 showing that is also observed in the GRASP from the yeast S. cerevisae (Grh1), which strongly 24 suggests it may be a general property within the GRASP family. Furthermore, Grh1 is also able 25 to form amyloid fibrils either upon heating or when submitted to changes in the dielectric 26 constant of its surroundings, a condition that is experienced by the protein when in close contact 27 with membranes of cell compartments, such as the Golgi apparatus. Intrinsic disorder and 28 amyloid fibril formation can thus be two structural properties exploited by GRASP during its 29 functional cycle.
The Golgi complex is composed of a series of cisternal membranes opposed to one 3 another to form stacks (Rambourg et al., 1981) . In mammalian cells, the stacks are linked at their and the sample was incubated for 3 h with recombinant ULP-1 protease followed by incubation 23 in a nickel affinity chromatographic column to remove the SUMO protein and ULP-1 protease. 24 The remaining contaminants were removed by size exclusion chromatography onto a Superdex 25 200 10/300 GL gel filtration column (GE Healthcare, Buckinghamshire, United Kingdom) in 40 26 mmol.L -1 HEPES pH 8.0, 300 mmol.L -1 NaCl, 10% Glycerol buffer. The purification of the 27 GRASP domain (DGRASP) followed the same protocol, using a different reverse primer, with a 28 stop codon at the end of the GRASP domain to exclude the SPR domain. Far-UV (190-260 nm) CD experiments were carried out in a Jasco J-815 CD 3 Spectrometer (JASCO Corporation, Japan) equipped with a Peltier temperature control and using 4 a quartz cell with a path length of 1 mm. Grh1 was in 10 mM sodium phosphate buffer, pH 8.0 5 and at final concentration of 5 µM. All far-UV CD spectra were recorded with a scan speed of 50 6 nm/min and at time response of 1 s. Chemical stability experiments were performed in the same 7 buffer and increasing urea concentration (0-8.0 M). To investigate the effects of solvents Grh1 8 was incubated in aqueous methanol (MeOH) and acetonitrile (ACN) over a range of 0-50% 9 solvent. The spectra were averaged, baseline-corrected and smoothed with a Savitsky-Golay 10 filter using CDTools software (Lees et al., 2004) . The processed spectra were deconvoluted by 11 using the software Continll (Sreerama and Woody, 2000) with database 7 (van Stokkum et al., 12 1990) available in the DichroWeb analysis server (Whitmore and Wallace, 2004) . The 13 normalized root-mean-square deviation (NRMSD) goodness-of-fit parameter was always less 14 than 0.15, suggesting that the calculated spectra are in agreement with the experimental data 15 (Whitmore and Wallace, 2008) . The absorbance spectrum of Congo Red (CR) was monitored in the presence and in the 1 absence of the protein, between 400 and 700 nm, with a Beckman DU 640 Uv-Vis Spectrometer.
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The CR was in a buffer solution as reported elsewhere (Nilson, 2004) . 
Structural Behavior in Solution 7
Unlike GRASP55 and GRASP65 (Feng et al., 2013; Truschel et al., 2011) , full-length 8 Grh1 was successfully expressed as a soluble, monodisperse protein in E. coli (Figure 2A ). The 9 theoretical molecular mass of the recombinant Grh1 is 41,119 Da, but SDS-PAGE analysis 10 ( Figure 2B ) resulted in an apparent molecular mass of ca. 45,000 Da. This suggests that the 11 amount of hydrophobic aminoacids that compose Grh1 is smaller than expected for well-12 structured proteins, a phenomenon similar to what was previously observed for other IDPs 13 (Theillet et al., 2013) . Size exclusion chromatography of the soluble protein on Superdex-200 14 column, whose result is shown in Figure 2B , indicates an apparent molecular mass of 45, 200 Da. 15 The differences between the expected molecular mass of Grh1 and the values determined from 16 hydrodynamic methods is likely a consequence of the not-fully globular conformation of Grh1 in 17 solution, which has been observed for other proteins rich in disordered regions (Chakrabortee et 18 al., 2012), including the GRASP homologue in C. neoformans (Mendes et al, 2016) . The 19 chromatogram for the GRASP domain (DGRASP) is also presented in Figure 2B . We can see 20 that it is eluted slightly after the full-length Grh1, which is expected since DGRASP lacks the 21 SPR domain. Based on an elution curve calibrated with molecular mass standards (Suppl.
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Material, Figure S1 ), we conclude that Grh1 and its GRASP domain behave predominantly as a 1 monomer in solution. This is different from the observed dimers in mammalian and rat GRASPs, 2 which may be due to the lack, in the Grh1 primary sequence, of the residues involved in Grh1 does not fit perfectly as a natively unfolded protein based on the estimation of its secondary 4 structure content (11.5% α-helix, 22.1% β-sheet, 17.4% turns, and 49.8% random coil).
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Comparing these results with those from the GRASP domain only, we observe that here the 6 spectrum also presents a minimum around 200 nm and a low (even lower than for the whole 7 protein) intensity peak at 222 nm, which suggests decreased ordering of the protein structure 8 ( Figure 3 ). In fact, when we subtract the DGRASP spectrum from that of Grh1, we have a 9 spectrum that resembles that of a Poly(Pro)II conformation (Woody, 2009), which is expected 10 based on the high content of prolines in the SPR domain. transition curve is typical of native molten globules or native coiled proteins and is due to the 1 low percentage of secondary structure (Uversky, 2009; Mendes et al., 2016) . We also obtain a 2 low cooperative unfolding pattern for DGRASP, suggesting that the pattern observed for Grh1 3 does not come only from contributions of the SPR domain, but also from the GRASP domain 4 (see below). The urea-induced unfolding was also monitored by using the wavelength of maximum 12 fluorescence emission (λ max ) of the tryptophan residues. Tryptophan in the aqueous environment 13 has its maximum fluorescence emission around 350 nm, which is shifted to 320 nm when the 14 aminoacid is placed in the hydrophobic core of proteins (Kazakov et al., 2009) 
. For Grh1 in
Since the three tryptophans present in Grh1 are found in the PDZ2, the same fluorescence 1 experiments performed with DGRASP give similar results. However, in this case, the λ max is at 2 339 nm, a slightly lower value than for Grh1, indicating that the tryptophan residues are less by specific residues in the protein structure (in our case, Trp residues). We can thus see that CD 13 is reporting unfolding of the overall protein structure, while Trp fluorescence is telling the same 14 story from a more localized point of view. The differences in cooperativity seen from those 15 methods indicate the coexistence of disordered and ordered regions both in Grh1 and in 16 DGRASP, which is in agreement with our CD deconvolution and disorder prediction results (see 
Effects of organic solvents 7
Based on the results shown in the previous sections, we conclude that Grh1 behaves as a 8 molten globule like protein in solution and presents features attributable to proteins containing 9 multiple intrinsically disordered regions. It has been shown that GRASP from C. neoformans , 2014; Cherepanov et al., 2003) . Typically, a dielectric gradient is observed at the 1 membrane/water interface, which can be modeled by an exponentially increasing function from ε 2 = 2-4 at the first water layer up to 78 at approximately 5-6 nm from the interface (Cherepanov et 3 al., 2003) . In order to check whether Grh1 is also affected by those alterations in the medium, we 4 performed CD experiments in the presence of organic solvents as mimetic models for the ε 5 variation.
6 Figure 6 shows that the shape and intensity of the CD spectrum of Grh1 considerably 7 change in the presence of non-aqueous solvents manifested by the increase in the negative 8 ellipticity around 222 nm. As observed in Table 1 , the content of helical structure increases 43% 9 and reaches a maximum in 35% Methanol solution. Grh1 behaves similarly to CnGRASP up to 10 this methanol concentration (Mendes et al, 2018) . For further increases in methanol, a distinct 11 pattern is observed: Grh1 gains β-sheet secondary structure and loses disordered regions as 12 methanol increases ( Figure 6A ). The disordered regions decreased 41% in 45% methanol 13 solution. A similar behavior is observed with high concentrations of ACN that induces β-sheet 14 (23%) and helical (51%) conformations and reduces in 50% the disordered regions (Table 1 and 15 Figure 6B ). Hence, the decrease in ε induces the collapsed intrinsically disordered Grh1 to fold in 16 a multiphasic manner, just as described by Uversky (2009) Far-UV CD was also used to analyze the thermally induced unfolding of Grh1. Figure 7   2 represents the far-UV CD spectra of Grh1 measured at different temperatures and shows that the 3 Grh1 spectrum has its shape significantly changed as a function of the temperature. However, the Figure 7B ). Interestingly, it has been previously observed a quite similar result for 10 extended IDPs (Lopes et al., 2013; Uversky, 2009) , where it has been proposed that the 11 hydrophobic interactions at higher temperatures are the driving forces for the folding of the 12 polypeptide chain. However, in the previous cases there is a transition from a fully unfolded 13 state to a still unfolded one but with a small increase in helical content, whereas for Grh1 there is 14 a "shape shift" from a folded conformation to a final unknown conformation, which is still rich 15 in ordered secondary structure. Interestingly, the far UV CD spectra progressively undergo a 16 shift to spectra with a minimum at 218 nm, and whose shape and intensity measured at at specific residues that are known to be more common in, for example, amyloid fibrils, such as classification is based not only on the nature of the residue itself, but also on its surroundings (in 1 our case, we chose a five residue window, which means the residue will be evaluated together 2 with the two previous and the two subsequent residues). With that classification, a Hot Spot 3 (HS), a region where 5 or more residues are considered to be prone to aggregation, is created by 4 the server. The longest the region and the aggregating nature of the residues, the higher the HS.
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The aggregation profile of Grh1 is shown in Figure 8 , and we can see a number of short along 6 with three long HS. While the predictor is not exclusive for fibril formation, since other 7 aggregates can exist, it gives a good hint on whether or not a determined region is more likely to 8 form fibrils.
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The existence of potential aggregation spots brings the close link between aggregation 10 and intrinsic disorder into play (Wu; Fuxreiter, 2016). Hence, to check for correlations between 11 intrinsic disorder and aggregation in the case of Grh1 we also show in Figure Fuxreiter, 2016) and in one of them the amyloid core is flanked by intrinsically-disordered 17 regions (IDRs), which could be the geometry adopted by Grh1 as suggested by the intrinsically 18 disorder and aggregation propensities shown in Figure 8 .
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As for the final residues in the sequence, those in the SPR domain, it is reasonable not to 20 observe aggregation since prolines are considered to be chain breakers, thus leading the score of 21 a determined window in AGGRESCAN to 0. That means a domain such as the SPR would not 22 aggregate. We can also think of that in terms of the structure of the fibril: accommodate a proline Our bioinformatics analysis strongly suggested that Grh1 contains regions that are prone 9 to aggregation, which, in conjunction with our results on the intrinsically disordered nature of 10 part of Grh1 structure, indicate that Grh1 would be able to form β-sheet rich amyloid fibers. The 11 formation of fibrils is a process that includes the formation of small oligomers that associate due 12 to a destabilization of the native structure, leading to the formation of a number of partially 13 folded intermediates, which possess increased aggregation propensity. This process is often the whole process during time, we will have a sigmoid-like behavior much like the one we see in 19 our CD experiments ( Figure 6C and D) .
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To further investigate if Grh1 is really forming fibers depending on the environment 21 conditions, we followed the well established protocols based on the use of the fluorescence of 22 extrinsic dyes (Bolognesi et al, 2010) . ANS is a fluorescent dye commonly used in protein 1 folding studies (Hawe et al., 2008) . Although it is not specific for amyloid fibrils, the experiment 2 we conducted followed previous studies related to fibril formation. Bolognesi et al. (2010) were 3 able to trace all the phases of fibril formation as a function of increasing concentrations of a fibril 4 trigger. Even more interesting in that report, the authors were able to establish a good relation 5 between ANS fluorescence and the presence of proto-fibrils. Since ANS will bind to accessible 6 hydrophobic cores in the protein, when the monomers assemble into proto-fibrils, there will be 7 new hydrophobic sites created, thus increasing ANS fluorescence intensity. Keeping the stimulus 8 by increasing the trigger concentration, the system is forced into the plateau phase, where the 9 proto-fibrils assemble to form the proper amyloid fibrils. By doing so, the fibrils lose 10 hydrophobic sites previously present, and then the ANS fluorescence decays (Bolognesi et al.,
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2010). Figure 9 shows how the ANS fluorescence will increase with increasing concentrations of 12 ethanol (that we had seen on the CD experiments to lead to aggregation), until it reaches a 13 maximum in 45% ethanol, and then decreases in 50% ethanol, which is in agreement with our 14 CD data ( Figure 6C ). Although we cannot see the sigmoid-like time-course formation of the 15 fibrils, we have data that is consistent with previous findings regarding ANS binding to proto-16 fibrils (inset in Figure 9 ). 17 18 19 Figure 9 : Fluorescence spectra of ANS bound to Grh1 with increasing concentrations of ethanol.
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The arrows point to the spectra in 45% and in 50% ethanol, emphasizing the reduction in 21 intensity above 45% ethanol. is weak due to ThT freedom of rotation. When bound to fibrils, there is less torsional relaxation, 10 leading to an expressive increase in fluorescence (Nilsson, 2004) . Although ThT can bind to 11 amorphous aggregates and other structures with minor affinity, it is considered specific for 12 amyloid fibrils (Nilsson, 2004) . In Figure 10A , we see weak fluorescence when ThT is in solution 13 with Grh1 in its native form. However, when ThT is in solution with Grh1 previously submitted 14 to the conditions we have seen to induce aggregation (we tested for temperature, methanol, 15 ethanol and acetonitrile) there is at least a 10-fold increase in the fluorescence intensity. We 16 tested for the same conditions with our construction without the SPR domain ( Figure 10B) and we 17 observe the same increase in ThT fluorescence. Although the comparison between the ThT data 18 for Grh1 and the GRASP domain cannot provide any insight into the route of fibril formation, it 19 is nevertheless another proof that the SPR domain is not needed for the fibrillation to occur.
Furthermore, we can see that different conditions led to different intensities in ThT fluorescence.
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For both Grh1 and DGRASP, ACN showed to induce the largest change, while heating led to a 22 large change in DGRASP, but a not so pronounced one for Grh1, in which the effects of ethanol 23 and methanol were markedly more pronounced. That can be the result of either the preparation of 24 the samples not being exactly equal, or it can be related to the pathways and the configuration 25 that each condition induces. CR is another widely used dye to probe amyloid structures (Nilsson, 2004) . The exact 6 mechanism of binding is still unknown, but there are some models for it, such as ionic 7 interactions between the sulfonate group of CR and basic residues in the aggregate (Klunk et al.,
. It is possible to use the birefringence of the amyloid fibrils with CR to prove their 9 existence but, since several participants are inherently birefringent (such as buffer salts), the 10 technique is quite subjective and requires a known amyloid structure as control (Nilsson, 2004) .
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For that reason, we chose another approach based on a spectrophotometric assay. For this 12 experiment we used pre-heated Grh1 to 50 o C to assure fibrillation. In Figure 11 we can see that 13 the absorbance of CR between 400 and 700 nm increases linearly with the increase in pre-heated 14 Grh1. We tested for the native form of Grh1, but there is no change in CR absorbance, showing 1 that the binding only takes place with the protein in its fibrillar (pre-heated) form. Despite the 2 fact that CR binding is one of the most accepted evidences of amyloid formation, it is now 3 known that amyloid fibrils of different compositions may bind to CR through different 4 mechanisms, which can change CR response (Nilsson, 2004) . The most pronounced change in 5 absorbance intensity around 540 nm (in this experiment, the largest difference was in 533 nm) is 6 believed to be characteristic of amyloid fibrils. Microscopy, which allowed us to actually see the fibrils. Figure 12 shows one of the images 14 obtained from Negative Staining experiments. In this, we are able to see fibrils along with some 15 minor structures, possibly oligomers, which did not have time to overcome the growth phase and 16 become mature fibrils. As expected for amyloid fibrils, our structures are unbranched and present 17 constriction sites but, at that resolution, we were unable to obtain their atomic-resolution find IDRs flanking amyloid regions, so it is possible that the SPR domain, although not needed 1 for the fibrillation process to occur, does influence the structure as a whole. represented as the two PDZs in ball-shape of different colors (Figure 13 ). There is also a 14 25 connecting element representing the constriction site. It is noteworthy that this element is also 1 part of the GRASP domain, probably a loose region, such as a loop, that projects itself away 2 from the core of the PDZ. Given that Grh1 is a homolog of GRASP65, we suppose here the same 3 size seen in structural studies of this human GRASP (Hu et al., 2015) . Our model suggests a first Understanding the relationships between protein structure and function is one of the 8 fundamental questions in molecular biophysics. We proved that Grh1 is a marginally stable 9 protein and undergoes folding reactions that involve different kinds of ordered forms depending 10 on the environment. The functional diversity reported for Grh1 can then greatly benefit from the 11 possibility of becoming more ordered or folded into stable secondary or tertiary structures and 12 increase the specificity of binding. Furthermore, the irreversible quaternary structure it adopts 13 (the amyloid fibrils) in some conditions might be a strategy of evolution to help survivability in 14 undesired conditions. 
